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Dynamic relationships among rainfall patterns, soil water distribution, and plant
growth are crucial for sustainable conservation of soil and water resources in water‐
limited ecosystems. Spatial and temporal variation in deep soil water content at a
watershed scale have not yet been characterized adequately due to the lack of deep
soil water data. Deep soil–water storage (SWS) up to a depth of 5 m (n = 73) was mea-
sured at 19 sampling occasions at the LaoYeManQu watershed on the Chinese Loess
Plateau (CLP). At a depth of 0–1.5 m, the annual mean SWS was highly correlated
with rain intensity, and the correlation decreased with depth, but within the layers
at 1.5–5.0 m, the changes in SWS indicated a lag between precipitation and the
replenishment of soil water. Geostatistical parameters of SWS were also highly
dependent on depth, and the mean SWS presented similar spatial structures in two
adjacent layers. Temporal stability of SWS as indicated by mean relative difference,
standard deviation of the relative difference (SDRD), and mean absolute bias error
(MABE) was significantly weaker at the shallow than at deeper layers. Soil separates
and organic carbon content controlled the spatial pattern of SWS at the watershed
scale. One representative location (Site 57) was identified to estimate the mean
SWS in the 1‐ to 5‐m layer of the watershed. Semivariograms of the SDRD and
MABE were best fitted by an isotropic spherical model, and their spatial distributions
were depth‐dependent. Both temporal stability and spatial variability of SWS
increased over depth. This study is helpful for deep SWS estimation and sustainable
management of soil and water on the CLP, and for other similar regions around the
world.
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Soil–water storage (SWS) plays an important role in water cycles and
energy fluxes in terrestrial ecosystems (Dobriyal, Qureshi, Badola, &
Hussain, 2012; Fatichi et al., 2015; Green & Erskine, 2011; Wang,
Wang, & Wang, 2017). As influenced by a series of factors including
climate, soil properties, topography, land use, and the interactionswileyonlinelibrary.camong them, SWS is a highly spatial–temporal variable (Chaney,
Roundy, Herrera‐Estrada, & Wood, 2015; Fatichi et al., 2015;
Gomez‐Plaza, Martinez‐Mena, Albaladejo, & Castillo, 2001; Nyberg,
1996; Regalado & Ritter, 2006). Despite this, SWS distribution often
shows high spatial similarity over time. This phenomenon was referred
to as temporal stability (TS; Vachaud, Passerat De Silans, Balabanis, &
Vauclin, 1985), which was subsequently used to identify© 2018 John Wiley & Sons, Ltd.om/journal/hyp 2557
2558 FU ET AL.representative locations for mean SWS estimation at various spatial
scales (Coleman & Niemann, 2013; Hu, Shao, Han, Reichardt & Tan,
2010; Lin, 2006; Liu & Shao, 2014; Pachepsky, Guber, & Jacques,
2005; Sur, Jung, & Choi, 2013).
A majority of studies on the TS of SWS focused on the shallow
layer (0–1 m), where SWS is important for modelling surface hydraulic
processes, shallow‐rooted plant growth, and the soil–water validation
of remote sensing products at a wide range of scales (Albergel et al.,
2008; Corradini, 2014; Zhu, Nie, Zhou, Liao, & Li, 2014). Many factors
contribute to theTS of SWS. Depending on the scale of interest, TS of
shallow SWS is controlled by meteorological conditions, topographical
attributes, soil properties, and land uses (Gomez‐Plaza, Alvarez‐Rogel,
Albaladejo, & Castillo 2000; Hu, Shao, Han, et al., 2010; Jacobs,
Mohanty, Hsu, & Miller, 2004; Lin, 2006; Mohanty & Skaggs, 2001).
Recently, increasing studies have been conducted to assess TS of
SWS in deep soil layers below 1 m, which is essential for evaluating
the response of deep‐rooted plant growth to global climate change,
especially to extreme drought in arid and semiarid ecosystems
(Dobriyal et al., 2012; Markewitz, Devine, Davidson, Brando, &
Nepstad, 2010; Steelman, Endres, & Jones, 2012; Wang et al., 2015).
Deep soil water (i.e., below 1 m) supported up to 50% evapotranspira-
tion (Volpe, Marani, Albertson, & Katul, 2013). On the Chinese Loess
Plateau (CLP), rainfall and evapotranspiration were observed to influ-
ence SWS up to a depth of 2–4 m (Chen, Shao, & Li, 2008; Liu et al.,
2010). Therefore, quantitative characterization of deep SWS varia-
tions is vital for assessing plant productivity and mortality and for mit-
igating negative effects of prolonged drought, especially in water‐
stressed regions such as the CLP (Jipp, Nepstad, Cassel, & De
Carvalho, 1998; Rowland et al., 2015; Wang, Shao, Zhu, & Liu, 2011).
As a typical water‐limited region with annual mean precipitation
of 400 mm, the CLP has suffered from severe soil erosion in rainy sea-
sons and drought stress in nonrainy seasons, which consequently
resulted in low vegetation coverage, serious ecological degradation,
and poor ecological function (Wang et al., 2016). To control serious
soil erosion and restore the fragile eco‐environment of the CLP, the
“Grain for Green” programme was initiated by the Chinese govern-
ment in 1999, which facilitated rapid restoration of vegetation (Chen
et al., 2015; Wang et al., 2016). The wide and long‐term plantations
of perennial plants and exotic tree species that can utilize soil water
to a depth of 5 m or deeper emphasize the importance of investigating
the spatial and temporal changes in deep SWS. TS analysis, which is an
effective technique to estimate SWS status, is broadly used to charac-
terize SWS spatial distribution. Recently, research on the TS of SWS
on the CLP has made great progress and has focused on detecting
temporally stable locations at diverse depths (Gao & Shao, 2012;
Gao, Zhao, Wu, Brocca, & Zhang, 2016; Hu, Shao, Han, et al., 2010;
Jia, Shao, Wei, & Wang, 2013). Hu, Shao, Han, et al. (2010) and Gao,
Wu, Zhao, Shi, and Wang (2011) identified that the TS of SWS at
0.2–0.4 m was significantly (P < 0.05) weaker than that at deeper
depths where no significant differences in TS were found. In contrast,
Gao et al. (2011) and Jia, Shao, Wei, and Wang (2013) found that TS
increased with depth in the 3‐m soil profile, and more time stable loca-
tions were identified in deeper layers. More recently, Gao, Shao, Peng,
and She (2015) separated a soil profile into “irregularly changing” (0–
0.6 m), “regularly changing” (0.6–1.6 m), and “relatively constant”layers (1.6–3.0 m) according to different TS indices. Wang et al.
(2015) partitioned a 21‐m soil profile into an active layer (0–2 m)
and a relatively stable layer (2–21 m) based on the TS indicator. Iden-
tification of temporal stable locations in previous studies focused
mainly on a single or a few numbers of sampling points, with exception
of Hu, Shao, Han, et al. (2010). If spatial patterns of TS can be identi-
fied, temporally stable regions rather than points can be identified for
more flexible selection of monitoring locations for estimation of mean
SWS. To date, however, there are no studies that characterize the spa-
tial patterns of TS of deep SWS due to the relatively large number of
deep soil water observation that are required for geostatistical analy-
sis. Studies on the depth‐dependency and variations of deep SWS
have become increasingly necessary for soil–water management and
ecosystems sustainable development (Fu, Wang, Chen, & Qiu, 2003;
Gao & Shao, 2012; Jipp et al., 1998; Wang, Shao, & Liu, 2013), but
such information is scarce. The poor revegetation could directly lead
to water scarcity in the deep‐soil layer and, thus, potentially affect
eco‐hydrological processes. Detailed profile characteristics of deep
SWS can also provide a better integrated understanding of soil–water
dynamics which is valuable in hydrological applications. Understanding
spatial–temporal changes in deep SWS and their depth‐dependence is
thus pivotal for further revegetation.
Therefore, the objectives in this study were to (a) explore the
SWS dynamics of a deep profile (0–5 m) at a watershed scale and
identify the temporally stable locations that could represent the
mean SWS and (b) investigate the spatial patterns of SWS TS
indices and controlling factors at different depths at the watershed
scale.2 | MATERIALS AND METHODS
2.1 | Description of the study area
The study was conducted at the LaoYeManQu (LYMQ) watershed
(20 ha), which is located 14 km west of Shenmu County in the north
part of the CLP (110°21′–110°23′E, 38°46′–38°51′N; Figure 1).
Mean annual precipitation over the experimental period (2013–
2015) was 437 mm, of which 70–90% fell during June–October. The
annual potential evapotranspiration was 1 337 mm, and the mean
annual temperature was 8.4°C, with the minimum of −23.8°C in Janu-
ary and the maximum of 32.5°C in July. This area was representative
of the CLP, with its typical features of thick loessial deposits and deep
gullies that resulted from intensive soil erosion. The uneven severe soil
erosion resulted in an elevational difference of 74 m and diverse
slopes that ranged from 2° to 36°. A series of steps have been taken
in past decades to restore vegetation and to control soil erosion, but
the local ecosystem remains fragile (Sun et al., 2015). Actual land use
at the LYMQ watershed almost includes the typical vegetation on
the CLP and has been further categorized into eight types, which are
based on the dominant species and extent of coverage (Hu, Shao,
Han, et al., 2010; Figure 1b). The number of sampling locations in Pop-
lar, sand korshinsk peashrub, mixed shrub, farm land, grassland,
almond, dense korshinsk peashrub, and sparse korshinsk peashrub
are 5, 5, 4, 11, 24, 3, 10, and 11, respectively. Aeolian sandy soils
FIGURE 1 The location of the study area in China (a) and the sampling points in the LaoYeManQu watershed (b).The area bordered by the black
line contains Aeolian sandy soils, and the other areas contain Ust‐Sandiic Entisol soils
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are dominated by sandy or silty loam) in the watershed are also com-
mon across the CLP (Figure 1). Soil stratification (the A horizon at 0.1–
0.3 m depth contained a large amount of soil organic matter, and the C
horizon has parental materials) has been identified in soil profiles for
both soil types, despite the distinct content of alluvial CaCO3 that
was distributed widely in the C horizon of the Ust‐Sandiic Entisol soils
(Hu, Shao, & Reichardt, 2010).2.2 | Sampling locations and data collection
Five metre‐long aluminium neutron probe access tubes were installed
in fall 2012 at 73 locations to monitor soil water content. The 73 loca-
tions were selected from a 50 m × 50 m grid. The installations were
stabilized for 6 months before low‐neutron counting rates (CRs) were
retrieved at 0.1 and 0.2 m intervals in the 0–1 and 1–5 m layers,
respectively, on 19 sampling dates from May 18, 2013, to October
28, 2015. Disturbed soil samples up to a depth of 5 m were sampled
with a 0.05‐m diameter soil corer at each location during the alumin-
ium tube installation. Five hundred eighty‐four soil samples were
collected from eight layers (i.e., 0–0.1, 0.1–0.2, 0.2–0.6, 0.6–1.0,
1.0–2.0, 2.0–3.0, 3.0–4.0, and 4.0–5.0 m) to determine soil particle
composition using the MasterSizer2000 apparatus and to determine
soil organic carbon content using the dichromate oxidation method
(Nelson & Sommers, 1975). Undisturbed soil samples at a 0.05‐m
height (0.05 m in diameter) near each location were also collected to
measure saturated hydraulic conductivity (Ks) and bulk density (BD)
using the constant head method and the gravimetrical method,
respectively. Meteorological data, which included precipitation,
relative humidity, wind speed, and temperature, were obtained auto-
matically with a weather monitoring system (ZK‐NT10A) on a flat field
on a mountain top.
Gravimetric soil water content (SWC; GSWC, g H2O/100 g dry
soil, %) and BD were further measured to calibrate the neutron probes
at eight different sites that covered the entire watershed to ensurethat all soil textures and land‐use types in the area were represented.
The direct measurement of BD within a 5‐m profile was difficult;
thus, only 1‐m depth pits were excavated at each calibration location
near the neutron tubes to collect undisturbed soil samples for BD
determination, which was used to transform the GSWC into volumet-
ric SWC (VSWC, cm3/cm3). The GSWC and BD ranged from 0.8% to
22.5% and 1.00 to 1.71 g/cm3, respectively. Both were within the
ranges of GSWC and BD measured in the watershed generally, which
indicated that the locations were representative for establishing the
calibration equations. With the calibration curve, VSWC could be
derived from the values of the CRs that were measured directly by
the neutron probe. The corresponding calibration curve equation
can be written as
VSWC ¼ 62:233CRþ 0:9459 R2 ¼ 0:92;P<0:001
 
: (1)
Then, the SWS at site i, time j, and depth k (SWSijk, mm) was
calculated from the corresponding VSWC and the selected depth.
SWSij for each 0.5‐m soil layer up to 5‐m depth was calculated to
assess vertical distribution of SWS and temporal dynamics. TS and
depth‐dependency were evaluated further by using the standard
deviation of the relative difference (SDRD; Vachaud et al., 1985) and
the mean absolute bias error (MABE; Hu, Shao, & Reichardt, 2010).
2.3 | Statistical methods
2.3.1 | Temporal stability analysis
Two indices were used to access TS. The first method refers to the
SDRD and mean relative difference (MRD) introduced by Vachaud,
Passerat De Silans, Balabanis, and Vauclin (1985). The SDRD, or
the combination of MRD and SDRD, can both generally character-
ize TS. Specifically, the lower the MRD and SDRD, the more stable
a location. Generally, a location with MRD and SDRD <5% is con-
sidered to be temporal stable. The index of temporal stability (ITS)
deduced from the SDRD and MRD can be calculated (Jacobs
2560 FU ET AL.et al., 2004) to identify a temporally stable location. Usually, a loca-
tion with an ITS value <10% can be used directly to represent
mean SWS across the entire watershed (Zhao, Peth, Wang, Lin, &
Horn, 2010).
The MABE was another index introduced by Hu, Shao, and
Reichardt (2010) to evaluate TS. The underlying distinction between
SDRD and MABE is that the latter can be used directly to repre-
sent the time‐averaged, bias error using an identified location to
produce the mean SWS. A MABE value <5% is selected as the cri-
terion for identifying locations to estimate mean SWS in the LYMQ
watershed.2.3.2 | Geostatistical analysis
Semivariograms used to characterize spatial patterns of SWS, SDRD,
and MABE can be calculated as
γ hð Þ ¼ 1
2N hð Þ ∑ z xð Þ−z xþ hð Þ½ 
2; (2)
where γ(h) and h are the semivariogram and lag distance, respec-
tively. N (h) is the number of pairs of samples separated by h,
and z (x) and z (x + h) are the measured values of variables (i.e.,
SWS, SDRD, and MABE) at the associated locations x and x + h,
respectively (Feng, Liu, & Mikami, 2004). Four theoretical
semivariogram models (i.e., linear, spherical, exponential, and Gauss-
ian) were used to fit the obtained empirical semivariograms to pro-
duce geostatistical parameters. Details on different theoretical
models can be found in Nielsen and Wendroth (2003). Generally,
a nugget–sill ratio ≤25% indicates a strong spatial dependency, a
ratio ≥75% indicates a weak spatial dependency, and an intermedi-
ate ratio indicates a moderate spatial dependency (Nielsen &
Wendroth, 2003). Based on the semivariance analysis, the spatial
distribution of SWS, SDRD, and MABE in various soil layers were
estimated using ordinary kriging.TABLE 1 Basic statistics of soil–water storage (SWS) from 2013 to 2015
Spatial
variables
Temporal
statistic
Soil layer (m)
0–0.5 0.5–1.0 1.0–1.5 1.5–2.0
Mean SWS Min, mm 34.1 50.2 55.4 55.9
Max, mm 83.9 84.5 83.5 78.5
Mean, mm 57.2§a 64.6b 64.8b 66.3b
SDT, mm 12.0 10.1 6.5 5.1
CVT, % 21.0 15.6 9.9 7.8
SDs of SWS Min, mm 12.0 18.7 20.8 21.4
Max, mm 28.6 33.7 31.7 30.1
Mean, mm 20.4 24.6 26.7 27.5
SDT, mm 5.3 3.7 2.9 2.1
CVT, % 25.7 15.1 10.8 7.7
CVs of SWS Min, % 26.2 30.9 34.1 38.3
Max, % 45.0 45.9 45.7 44.2
Mean, % 35.8 38.3 41.2 41.5
SDT, % 6.0 4.1 3.3 1.6
CVT, % 16.7 10.7 7.9 3.8
Note. The SDs of SWS represent the standard deviation of the spatial SWS, the
SDT represents the standard deviation of the time series based on the mean sp
series based on mean spatial SWS. Different letters indicate significant differen2.4 | Data analysis
Classical statistics that included mean, standard deviation (SD), and
coefficient of variation (CV) of SWS were calculated for various layers.
The degree of variation was evaluated by the CV value. Generally, var-
iability was considered low, moderate, and strong at CV < 10%,
10% ≤ CV ≤ 100%, and CV > 100%, respectively (Hu, Shao, Han, et al.,
2010). The t test was used to determine if the differences were statis-
tically significant.3 | RESULTS AND DISCUSSION
3.1 | Traditional spatial–temporal analysis of
soil–water storage
3.1.1 | Basic characteristic of mean soil–water
storage
The time‐averaged mean SWS at 0.5 m depths generally increased
with depth, from 57.2 (0–0.5 m) to 70.6 mm (4.5–5.0 m). There was
a significant difference (P < 0.05) of SWS between 0 and 0.5 m and
other layers (Table 1). The SDS and CVS over space of mean SWS
increased with depth, which indicated that SWS in deeper soil layers
had greater spatial variability. However, spatially averaged CV and
SD over time (i.e., CVT and SDT) varied moderately (10% < CV < 100%)
at a depth of 0–0.5 and 0.5–1 m and varied weakly (CV < 10%) in
deeper layers, which suggested that temporal variability of SWS
tended to decrease with depth. These results are consistent with pre-
vious observations by Gomez‐Plaza et al. (2001), Brocca, Melone,
Moramarco, and Morbidelli (2009), Hu, Shao, Han, et al. (2010), Jia
et al. (2013), Corradini (2014), and Fatichi et al. (2015). In this study,
the weak temporal variability of SWS within the deep layers at
1–5 m can be ascribed to the small influence of precipitation and
evapotranspiration, with the exception of water uptake by some
perennial deep‐rooted plants, such as Peashrub (Chen et al., 2008).
Whereas, the strong spatial variability in deep layers was due to theat various soil depths on the Chinese Loess Plateau, China
2.0–2.5 2.5–3.0 3.0–3.5 3.5–4.0 4.0–4.5 4.5–5.0
54.6 53.4 54.2 54.5 57.2 60.5
72.6 69.6 6.9.1 68.4 69.3 73.4
65.9b 64.9b 65.8b 65.5b 66.8b 70.6b
4.2 3.8 3.5 2.9 2.5 2.6
6.4 5.9 5.3 4.5 3.7 3.7
22.1 20.8 21.7 22.5 22.9 25.6
30.6 28.5 29.9 29.1 28.3 32.7
27.6 26.1 27.7 27.5 27.0 30.3
1.8 1.8 1.9 1.5 1.2 1.4
6.6 6.7 6.8 5.6 4.3 4.8
39.9 38.6 40.1 40.4 39.7 41.5
44.2 41.9 43.8 43.7 41.9 44.8
41.9 40.2 42.0 42.0 40.5 42.9
1.2 0.9 1.0 0.9 0.6 0.8
2.8 2.6 2.4 2.1 1.4 2.0
CVs of SWS represent the coefficient of variation of the spatial SWS, the
atial SWS, and the CVT represents the coefficient of variation for the time
ces, and § represents significantly different values, with P < 0.05.
FU ET AL. 2561accumulative effects of rainfall infiltration and run off, which were
controlled primarily by soil properties, topography‐related factors,
and land use types (Smith, Bracken, & Cox, 2010).3.1.2 | Dynamics of soil–water storage
The annual precipitation was 631,438,336 mm in 2013, 2014, and
2015, respectively (Figure 2). This indicated that 2013 was much wet-
ter than the other 2 years. Large fluctuations in SWS existed within
the layers at 0–0.5 and 0.5–1.0 m as a result of their rapid response
to rainfall and evapotranspiration. SWS at a depth of 1.0–1.5 m also
responded to meteorological conditions (e.g., excessive rainfall in
2013 and drought in 2015), whereas we identified only slight changes
in SWS below 1.5 m, except for a sharp oscillation that occurred with
heavy rainstorms in 2013.
The SWS balance is dictated by a combination of prevailing
water and energy balances (Gomez‐Plaza et al., 2001). Likewise,
deep SWS dynamic patterns are controlled predominantly by infil-
tration, groundwater recharge, and water uptake by deep‐rooted
vegetation (Huang & Pang, 2011; Lin, 2006; Smith et al., 2010;
Volpe et al., 2013). The groundwater was very deep (>50 m) in thisTABLE 2 Geostatistical analysis of mean soil–water storage for various s
variogram model
Soil layer (m) Nugget variance Sill variance Range (m) Structured
0–0.5 84 434.3 163.4 350.3
0.5–1.0 110 678.3 164.4 568.3
1.0–1.5 122 801.7 152.7 679.7
1.5–2.0 142 847.8 140.2 705.8
2.0–2.5 159 845.6 134.5 686.6
2.5–3.0 201 748.8 124.6 624.2
3.0–3.5 211 836.0 104.3 731.7
3.5–4.0 328 818.1 96.0 722.1
4.0–4.5 398 791.5 92.1 699.4
4.5–5.0 441 974.0 91.1 882.9
FIGURE 2 Dynamics of the mean SWS and precipitation from May
18, 2013, to October 28, 2015 in the watershed on the Chinese
Loess Plateau, China. Grey curves represent soil–water storage (SWS)
in the 2‐ to 5‐m layer. Points represent the mean SWS spatially at
each measurement date. The lines that connect the measurement
points are intended for visualization and do not represent actual SWS
changes between the measurement datesstudy area. Therefore, the upsurge of deep SWS in 2013 could be
ascribed to the accumulative infiltration that resulted from the
heavy rainstorms during the wet season, and the reduction of the
SWS may be attributed to substantial water uptake by deep‐rooted
vegetation (e.g., Poplar and Peashrub) and water redistribution to
deeper layers. Due to water shortages, most vegetation in the
watershed was identified as the “little old man tree” (i.e., trees with
withered treetop), which indicated lower physiological vitality and
weaker ecological function. In fact, alteration in precipitation pat-
terns cause shifts in net primary production and root biomass. This
resulted in changes in eco‐hydrological processes and soil water bal-
ance at diverse soil depths (Sarris, Christodoulakis, & Korner, 2007).
However, this alteration in deep SWS needs further verification by a
tracer test using a radioactive isotope such as 3H2O (Huang, Pang, &
Edmunds, 2013).3.1.3 | Spatial distribution of soil–water storage
The semivariograms showed that SWS approached a stable sill at
certain lag distances (Table 2). The spherical variogram model was
well fitted to describe the experimental semivariance of SWS in var-
ious layers. The geostatistical parameters varied with depth. Specifi-
cally, the nugget variance and sill variance increased with depth,
which indicated the stronger SWS variability within deeper soil
layers. The nugget–sill ratio was <25% within the layers at 0–0.5,
0.5–1.0, 1.0–1.5, 1.5–2.0, and 2.0–2.5 m and 25–75% for the other
layers, which implied that SWS were strongly and moderately spa-
tially dependent at the depth of 0–2.5 and 2.5–5.0 m, respectively.
The range (i.e., spatial autocorrelation distance) of SWS for the upper
1.0 m was 163 m, which is comparable to those of 0–0.8 m (i.e.,
151–186 m) observed by Hu, Shao, Han, et al. (2010). With increas-
ing soil depth, the range of SWS generally decreased. Interestingly,
the range of SWS at a depth of 2.5–3.5 m (104–124 m) was similar
to that of the total vegetation yield (122 m) reported by Hu, Shao,
Han, et al. (2010). This may imply that the spatial pattern of SWS
in these layers is closely associated to the water uptake by deep‐
rooted vegetation.
Temporal mean SWS exhibited similar spatial patterns in adjacent
soil layers (Figure 3). This was supported by Pearson correlation coef-
ficients (R = 0.8–0.95, P < 0.01) between adjacent soil layers. SWSoil layers on the Chinese Loess Plateau, China using the spherical
variance Nugget–sill ratio (%) r2 Kolmogorov–Smirnov test
19.3 0.89 0.90
16.2 0.78 0.87
15.2 0.82 0.75
16.7 0.80 0.79
18.8 0.80 0.54
26.8 0.82 0.64
25.2 0.78 0.20
40.1 0.74 0.63
50.3 0.78 0.72
45.3 0.78 0.70
FIGURE 3 Distribution of mean soil–water storage in various soil layers on the Chinese Loess Plateau, China
2562 FU ET AL.within the layers at 0–3.0 m was higher on southwest‐facing slopes
than that in of northeast‐facing slopes where sand or loamy sand
dominated. The contrasting SWS at the depth of 0–3.0 m on different
slopes could be attributed to the soil separates diversion. The area
with lowest SWS on the northeast‐facing slopes became wetter with
depth beyond 3.0 m. Improved soil water‐holding capability as a resultTABLE 3 The associated parameters of mean soil–water storage (SWS) f
Parameter
Soil layer (m)
0–0.5 0.5–1 1–1.5 1.5–2
MRD (%) Min −55.3 −61.6 −62.6 −62.5
Max 69.7 82.7 94.4 98.9
Range 125.0 144.2 156.9 161.3
Na 7 4 4 6
SDRD (%) Min 4.8 3.3 3.1 3.0
Max 22.3 24.1 24.5 35.5
Mean 12.1 9.5 9.4 9.1
Range 17.5 20.8 21.5 32.4
Nb 1 4 8 12
MABE (%) Min 3.9 3.3 2.4 2.6
Max 31.2 25.6 36.3 29.4
Mean 10.6 8.5 9.1 8.3
Range 27.4 22.3 33.9 26.8
Nc 6 15 17 27
Note. The mean relative difference in soil–water storage is represented by MRD
rogates to the standard deviation of the relative difference and the mean abs
MRDs from −5% to +5%. Nb and Nc are the number of locations with SDRD aof enhanced clay content may be the reason (Wang et al., 2015). Some
higher SWS existed in the deep layers of the gully due to the vertical
hydrological flux in wet surface areas (Gannon, Bailey, & McGuire,
2014). During the rainy seasons, topography was a major factor that
promoted the deep SWS accumulation through surface and subsur-
face run‐off (Lin, 2006).or various soil layers on the Chinese Loess Plateau, China
2–2.5 2.5–3 3–3.5 3.5–4 4–4.5 4.5–5
−68.8 −66.9 −66.2 −65.9 −65.7 −66.6
102.7 84.1 126.2 157.6 154.3 149.2
171.5 151.0 192.4 223.6 220.0 215.8
8 9 10 8 8 7
1.7 2.6 1.6 1.1 1.5 0.9
35.6 27.8 26.7 18.8 15.2 12.7
8.4 7.5 6.9 5.8 4.8 4.5
33.8 25.2 25.1 17.7 13.8 11.8
13 25 30 42 45 47
2.1 1.6 1.5 1.9 1.7 1.5
28.6 22.6 20.2 14.3 30.2 25.3
7.5 6.6 5.8 4.8 4.4 4.2
26.5 21.0 18.8 12.4 28.5 23.8
28 32 42 54 58 60
, and the two different indexes (SDRD and MABE) are corresponding sur-
olute bias error, respectively. Na represents the number of locations with
nd MABE <5%, respectively.
FU ET AL. 25633.2 | Temporal stability of soil–water storage and its
influencing factors
3.2.1 | Temporal stability of soil–water storage at
the watershed scale
The MRD ranges generally increased with depth, which echoed the
stronger spatial variability at a depth of 3.5–5.0 m that was also
reflected by the greater sill variance (Table 3 and Figure 4). The
MRD ranges in this study were greater than others (Jia et al., 2013;FIGURE 4 Ranked mean relative differences (MRD) in soil–water storage
locations in LaoYeManQu watershed on the Chinese Loess Plateau, China.
The blue curves indicate the ITS, and locations with an ITS <10% are mark
circles represents the single common location representative of the tempoZhao et al., 2010). This can be ascribed to higher heterogeneity of soil
type, land use types, and topographical attributes across the water-
shed (Wang et al., 2015).
SDRD and MABE have been used widely to evaluate the TS of
SWS. In this study, associated time‐averaged SDRD and MABE
decreased with increasing depth (Table 3). These results were consis-
tent with previous studies (Hu, Shao, & Reichardt, 2010; Gao et al.,
2011; Jia et al., 2013). The number of temporally stable locations
increased with increasing depth. For example, the numbers of theand the index of temporal stability (ITS) for all soil layers at all sampling
Vertical bars represent ±one standard deviation in relative differences.
ed with blue circles. The red number above the corresponding blue
ral stability
2564 FU ET AL.locations with SDRDs and MABEs <5% were 1 and 6 at the depth of
0–0.5 m and 47 and 60 at the depth of 4.5–5.0 m, respectively. These
results indicated a stronger TS of SWS at deeper layers due to the
smaller influence of climate (Wang et al., 2015).
If ITS values <10% are acceptable for estimation of mean SWS,
there were 1, 5, 5, 5, 6, 9, 11, 8, 8, and 9 temporally stable loca-
tions from 0–0.5 to 4.5–5.0 m, respectively (Figure 4). Only Loca-
tion 9 approximately reflected mean SWS within the layer at
0–0.5 m. The increased number of temporally stable locations with
depth was attributed to the less involvement of hydrological pro-
cesses, which included lateral run‐off, infiltration, and evapotranspi-
ration in deeper layers (Wang, 2012). Finding a single common
location to represent the mean SWS for multiple layers was difficult
(Vanderlinden et al., 2012) but was an advantage for the efficient
evaluation of deeper SWS (Hu, Shao, Han, et al., 2010; Jia et al.,
2013; Martinez‐Fernandez & Ceballos, 2003). Although no single
representative locations were identified for the complete soil profile,TABLE 4 Pearson correlation coefficients between mean relative differe
Chinese Loess Plateau, China
Parameter
MRD in the soil layers (unit: m)
0–0.1 0.1–0.2 0.2–0.6 0.6
Elevation 0.23 0.26a 0.22 0
BD −0.43b −0.48b −0.46b −0
Ks −0.65b −0.65b −0.60b −0
Clay 0.74b 0.79b 0.87b 0
Silt 0.77b 0.81b 0.78b 0
Sand −0.77b −0.81b −0.80b −0
SOC 0.30a 0.48b 0.35b 0
Note. BD and Ks were measured for the 0‐ to 5‐cm soil layer and represent
represents soil organic carbon.
aIndicates that the correlation was significant at the 0.05 level (2‐tailed test).
bIndicates that the correlation was significant at the 0.01 level (2‐tailed test).
FIGURE 5 Relationships between mean soil–water storage (SWS)
and measured SWS at representative locations for various soil layers
in LaoYeManQu watershed, where selected representative locations in
the corresponding layer at depths of 0–0.5, 0.5–1, and 1–5 m were
Locations 9, 64, and 57, respectively. Blue dotted line represents the
5% of SWS errorwe found that Location 57 can be used to represent mean SWS at
a depth of 1–5 m.
Using a single location to represent mean SWS in deeper layers
may be cost effective by sacrificing, to some extent, the accuracy of
the SWS prediction. Therefore, relationships between the measured
SWS at the representative locations and the mean values for the
entire watershed were plotted to assess the reliability of the estima-
tion (Figure 5). With a few exceptions, most of the selected temporally
stable locations represented the mean SWS for the watershed within a
margin of 5% between 0 and 2.0 m, as did Location 57 below 2 m.
Moreover, the plot of mean SWS compared to SWS at representative
locations (Figure 5) showed that the selected representative locations
for the 2.0‐ to 5.0‐m layers could be better used to assess mean SWS
than that above 2 m. Compared to other studies that were conducted
at point, slope, or transection scales (Jia et al., 2013; Liu & Shao, 2014),
our study demonstrated a lower feasibility of using temporally stable
locations to predict mean SWS at a watershed scale. In addition, tem-
porally stable locations identified from 0 to 2.0 m highly overestimated
or underestimated mean SWS with offset >5%; by contrast, the repre-
sentative locations identified below 2 m estimated mean SWS values
within 5% offset at each sampling date. This could be ascribed to
the lower sensitivity of SWS to precipitation and evaporation at
selected representative locations for deeper layers (Jia et al., 2013;
Tague, Band, Kenworthy, & Tenebaum, 2010). Notwithstanding, the
temporally stable locations that we selected were beneficial for esti-
mating mean SWS because of the reduction in the required number
of samples and acceptable accuracy of the prediction.3.2.2 | Factors that influence soil–water storage
Previous studies found that soil properties, topography, land use type,
and antecedent/saturation soil moisture affected SWS (Fu et al., 2003;
Gao & Shao, 2012; Jacobs et al., 2004; Mohanty & Skaggs, 2001).
Correlation analyses showed that soil separates and soil organic
carbon content were the main determinants of MRD in different
layers (Table 4). For example, sand and clay contents were negatively
correlated and positively correlated to SWS, respectively, which is in
agreement with Hu, Shao, Han, et al. (2010) and Martinez‐Fernandeznces (MRDs) in soil–water storage and corresponding variables on the
–1 1–2 2–3 3–4 4–5
.18 0.12 0.06 −0.09 −0.18
.43b −0.33b −0.19 −0.12 −0.09
.57b −0.49b −0.36b −0.21 −0.11
.84b 0.82b 0.62b 0.60b 0.74b
.77b 0.76b 0.64b 0.64b 0.54b
.79b −0.79b −0.65b −0.65b −0.64b
.26a 0.49b 0.49b 0.44b 0.47b
the bulk density and saturated hydraulic conductivity, respectively. SOC
FU ET AL. 2565and Ceballos (2003). Moreover, soil surface hydraulic properties such
as BD and Ks also contributed to the spatial distribution of SWS
throughout the entire soil profile through their impacts on soil water
retention and infiltration rate. However, Jia et al. (2013) found that
MRD was not correlated with Ks but was positively correlated with
BD. This was possibly due to the lower variability of Ks at a slope scaleFIGURE 6 Spatial patterns of the standard deviation of the relative
LaoYeManQu watershed on the Chinese Loess Plateau, China
TABLE 5 Geostatistical analysis of the standard deviation of relative diff
difference soil layers (spherical model) in the LaoYeManQu watershed on
Soil layer
(m)
SDRD
Nugget
variance (%2)
Sill variance
(%2) Range (m)
Nugget–sill
ratio (%) R2
0–0.5 4.4 14.9 72 30 0.
0.5–1 3.8 14.6 80 26 0.
1–1.5 7.4 19.8 79 37 0.
1.5–2 10.0 24.3 57 41 0.
2–2.5 9.0 22.2 98 40 0.
2.5–3 6.5 19.2 81 34 0.
3–3.5 3.9 19.0 69 20 0.
3.5–4 2.8 12.2 83 23 0.
4–4.5 1.8 7.5 95 24 0.
4.5–5 1.2 7.2 87 16 0.
Note. Nugget variance, sill variance, range, and nugget–sill ratio are geostatistica
R2 represents fitting degree of spherical variogram model.in the study of Jia et al. (2013). In general, topography controlled SWS
distribution in areas surface run‐off dominated (Grayson, Bloschl,
Western, & McMahon, 2002; Lin, 2006). In this study, a weak effect
of elevation on MRD was found because vertical flux that was driven
by evapotranspiration was the dominant process in this area (Wang
et al., 2015). Furthermore, lateral flow that was controlled by higherdifference (%) for soil–water storage in various soil layers in the
erence (SDRD) and the mean absolute bias error (MABE) of SWS for
the Chinese Loess Plateau
MABE
Nugget
variance (%2)
Sill variance
(%2) Range (m)
Nugget–sill
ratio (%) R2
89 11.2 28.3 178 40 0.93
72 3.7 25.6 176 14 0.93
77 16.6 57.4 170 29 0.97
47 20.6 39.1 183 53 0.92
52 13.6 27.2 156 50 0.89
46 9.2 16.2 114 57 0.62
56 6.2 12.0 107 52 0.58
91 4.5 9.0 96 50 0.68
84 4.1 14.7 83 28 0.81
72 2.0 11.1 80 18 0.75
l parameters; nugget–sill ratio represents degree of spatial dependence; and
2566 FU ET AL.saturated horizontal conductivity and soil horizon in the wet seasons
facilitated high deep SWS in valleys (Coleman & Niemann, 2013). Land
use types also strongly controlled deep SWS through evapotranspira-
tion, which can be affected by root distribution, plant density, and spe-
cies diversity (Zhao et al., 2010). In addition, land use types affected
SWS through their impacts on soil water retention and hydraulic con-
ductivity (Lv, Liao, Lai, Zhu, & Zhou, 2016).3.3 | Geostatistical analysis of temporal stability
indices of soil–water storage
The semivariances for SDRD and MABE approximated a stable plateau
at a certain distance, which was fitted well by a spherical model
(Table 5). The nugget and sill variance of SDRD and MABE were the
highest in the 1.0‐ to 2.0‐m layer and generally decreased with depth
until 4.0–5.0 m where the lowest values were observed. This indicated
that variability of TS was the greatest within the layers at 1.0–2.0 m.
The nugget–sill ratio of SDRD and MABE showed no regular trend
with depth, although SDRD ranged from 26% to 41% (0–3.0 m) and
16–24% (3.0–5.0 m), which indicated medium and strong spatial
dependency, respectively. The range of MABE decreased with
increasing depth and was greater than the range of SDRD at the depth
of 0–4.0 m, which suggested that the MABE was spatially correlated
in a broader domain than SDRD within the layers at 0–4.0 m.
Sites near the temporally stable locations tended to be temporally
stable, which suggested that there was an extended temporally stableFIGURE 7 Spatial patterns of mean absolute bias errors (%) for soil–wat
Chinese Loess Plateau, Chinaarea (Hu, Shao, Han, et al., 2010). Spatial patterns of SDRD and MABE
in consecutive layers (Figures 6 and 7) were nearly coincident, which
was supported by the Pearson correlation coefficients (P < 0.01). Pear-
son correlation coefficients for SDRD increased from 0.48 to 0.87
then stabilized in deeper layers, which implied that there was a higher
similarity among deeper layers. Likewise, Pearson correlation coeffi-
cients for MABE consistently maintained a higher level from 0.59 to
0.95. Therefore, TS identified by the SDRD and/or MABE increased
with depth, with the exception of some sandy soil areas and dense
korshinsk peashrub land (Figure 1).
The vertical distribution of mean SWC at the watershed scale dif-
fered greatly in the soil profile over 3 years, but the differentiation
was negligible in deeper (>2.4 m) layers (Figure 8). Because groundwa-
ter was too deep (>50 m) to be involved in the hydrological processes
in the CLP, water uptake by deep roots and water redistribution from
rainfall were the main influences on the deep SWS (Mu, Zhang,
McVicar, Chille, & Gau, 2007). The consistent SWC below 2.4 m over
3 years may indicate that water redistributed into deeper soils was
lifted up via water uptake by root. Based on theTS analysis, temporally
stable Location 57 was used to predict annual changes in deep SWC
(>1 m). For each year, SWC of Location 57 and mean SWC at the
watershed scale were comparable beyond 2.4 m with SWC differ-
ences less than 1% (Figure 8). This again indicates that Location 57
can be used not only for representing mean SWS of deeper (>1 m)
layers but also for capturing the vertical distribution of watershed
SWC at deeper layers.er storage in various soil layers in the LaoYeManQu watershed on the
FIGURE 8 Vertical distribution of mean soil water content (SWC) in
the 5‐m profile measured at Location 57 and the mean SWC for
LaoYeManQu watershed on the Chinese Loess Plateau from 2013 to
2015. The blue, black, and grey solid and dotted lines represent the
mean SWC measured at Location 57 and mean SWC at the watershed
scale in 2013, 2014, and 2015, respectively
FU ET AL. 25674 | CONCLUSIONS
We measured SWC and corresponding soil properties in 5‐m profiles
at 73 locations for 3 years (totally, 19 times) at the LYMQ watershed.
The temporal and spatial variability of SWS was greatly dependent on
soil depth. The annual mean SWS decreased with depth (0–1.5 m) and
was highly associated with precipitation. The changes in SWS at
1.5–5.0 m depths indicated a lag between precipitation and the
replenishment of soil moisture. The geostatistical parameters of SWS
were also highly depth‐dependency, and the mean SWS presented
similar spatial structures in contiguous soil layers. The MRD, SDRD,
and MABE showed that the TS in the soil profile was significantly
weaker at the surface than in deeper layers. The SWS in different
layers were controlled mainly by clay, silt, sand, and organic carbon
content at the watershed scale. The semivariograms of SWS, SDRD,
and MABE were best fitted by an isotropic spherical model, and their
spatial distributions were depth‐dependent. SWC kept unchanged at
deeper layers (>2.4 m) over 3 years. Because the watershed is a basic
unit for the comprehensive treatment of ecological restoration on the
CLP, our results are helpful for the conservation and management of
soil and water resources on the CLP and possibly for other similar
regions around the world.ACKNOWLEDGMENTS
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